The morphology and bonding characteristics of nanocrystalline diamond films prepared with different Ar:H ratios have been studied and are correlated to tribological performance. A coating made with high Ar:H ratio displayed low friction of 0.05 and very minimal wear, while the low Ar:H film showed high friction (> 0.2), rapid wear, and complete failure after 50 cycles. As both films had the same rms roughness, their different tribology appears to stem from a change in morphology.
INTRODUCTION
Nanocrystalline diamond (NCD) films have been shown to have excellent properties for microelectromechanical systems, and have displayed high hardness and low roughness for optical and mechanical coatings. Tribological applications of diamond films require smooth films. Controlling the grain size, surface morphology and roughness of diamond films will allow these materials to be customized for tribological applications.
It has been shown that the grain sizes of these films can be reduced using argon in the growth plasma in addition to hydrogen in microwave plasma enhanced chemical vapor deposition (MPCVD) [1] . The addition of argon changes the plasma chemistry to include more ionization and dissociation reactions and an accelerated growth rate
EXPERIMENTAL
The NCD films were grown on silicon wafers using H/Ar/ CH 4 plasma in a MPCVD system. Before film deposition the silicon wafers are cleaned and seeded using a slurry of titanium and diamond grit. After pre-treatment the wafer is loaded into the MPCVD system and a hydrogen plasma is initiated. Argon is added to achieve the desired Ar:H ratio. Methane is then added and film growth is initiated. The film growth is monitored by laser reflectance interferometry using a heliumneon laser beam reflected to a photodiode.
An ASTeX MPCVD system was used for film preparation. Different ratios of methane, hydrogen, and argon were used to deposit the films (Table 1) , two films are presented below. The flow rate of the methane was kept at 10% of the total gas flow. The argon concentration was varied from 0 to 60% of the total gas flow; chamber pressure was varied between 20 and 50 Torr. A home-built tribometer [2] was used to perform reciprocating sliding experiments with a 6.35 mm diameter sapphire counterface in room air at 35-45%RH. Sliding speeds were 1 mm/s and the track length was 6 mm for the first 20 cycles and shortened to 4 mm for the remaining cycles up to a maximum of 300. The sapphire hemisphere was loaded against the coating via a fixed weight such that the mean Hertzian contact stress was either 0.56 or 0.72 GPa. The friction force was measured with a piezoelectric sensor housed in the sample stage. Optical microscopy was conducted in situ through the counterface to observe interfacial processes that could be correlated to friction changes.
RESULTS AND DISCUSSION
Results have established that a high argon concentration leads to a reduced grain boundary size of the NCD films [3] . Adding argon to the CH 4 /H plasma mixture causes additional ionization and dissociation reactions which enhances the speed of the reaction. While the mechanism of the effect on the plasma is not clear, results have shown that the addition of argon to the growth atmosphere increases the deposition rate of these films [3] .
In our studies, AFM and SEM are used to characterize the surface morphology, and Raman spectroscopy (514 nm) is used to study grain structure. AFM measurements show rms roughness on the order of 40 nm for both of the NCD films in Table 1 . However, the morphology of these coatings were distinctly different as observed by SEM (c.f. Figure 1) . Preparation in an Ar:H ratio of 0.4 yielded nodular type grains, while and Ar:H ratio of 2.0 resulted in a coating with much smaller crystallites.
Raman spectroscopy was also used to gain information about local bonding and grain structure. Figure 2 shows visible Raman spectra for the films LW5 and LW10. The coating with greater Ar:H ratio (LW10) showed narrowed Raman features, indicating a more ordered grain structure. In situ tribology testing was conducted on these samples to examine if changes in sample preparation led to changes in friction and wear performance. Average friction was measured for each coating at two stress levels, 0.56 and 0.72 GPa (c.f. Fig. 3 ). For the coating prepared at low Ar:H ratio (0.4), there is no run-in to low friction, with a high initial friction coefficient of 0.2 or more that became steadily greater with increasing cycles. In situ optical microscopy, performed during these tests, revealed nearly complete wear through to the substrate by cycle 50, which was later confirmed by ex situ Raman spectroscopy. In addition, using non-contact profilometry, the sapphire counterface was found to be severely abraded.
Tests on the coating prepared with an Ar:H ratio of 2.0 revealed a smooth run-in to a low friction coefficient of around 0.05. This value remained steady for the duration of the test, with apparent polishing of the coating and no measured wear of the counterbody. The contact area, measured in situ, for this test at cycle 289 was 120 µm, slightly larger than the contact size observed at the beginning of the test (100 µm). For the low Ar:H ratio coating, the contact size was much larger even at low cycles due to wear of the counterbody.
Scanning electron microscopy was conducted on the wear tracks. In Figure 4 , an area of the 0.4 Ar:H ratio coating is shown after 20 sliding cycles. The coating has become smoother, but there is also evidence of wear debris in the track. The wear track for the coating prepared with Ar:H = 2.0 is shown in Fig 3 after 300 sliding cycles. This coating has also become smoother, but no damage is evident and very minimal wear has occurred, in agreement with the small contact sizes observed in situ during tribology testing. 
CONCLUSIONS
SEM and AFM analysis has shown that increasing the Ar to H 2 ratio in the growth plasma changes the morphology of the NCD coatings. Low friction and very minimal wear was observed for coatings prepared with an Ar:H ratio of 2.0, while those with Ar:H = 0.4 had high friction and early failure. Enhanced tribological performance was observed for the high Ar:H ratio coatings and further work is being carried out to correlate these results to coating structure and chemistry.
